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ators	during	mating.	Two	major	hypotheses	have	been	put	 forward	 to	explain	 the	





In	 soil,	 a	 remarkable	 number	 of	 invertebrates	 reproduce	 by	 parthenogenesis,	 and	
this	pattern	 is	most	pronounced	 in	oribatid	mites	 (Oribatida,	Acari).	Oribatid	mites	
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1  | INTRODUC TION
The	 dominance	 of	 sexual	 reproduction	 in	 most	 animal	 taxa	 re‐
mains	 an	 enigma	 (Lehtonen,	 Jennions,	 &	 Kokko,	 2012;	Meirmans,	
Meirmans,	&	Kirkendall,	2012;	Neiman,	Lively,	&	Meirmans,	2017).	
Parthenogenetic	 reproduction	has	 advantages	 that	 should,	 in	 the‐
ory,	result	 in	rapid	replacement	of	sexual	taxa.	The	advantages	 in‐
clude	doubled	reproductive	potential,	no	exposure	to	hazards	during	
mating,	 easier	 colonization	 of	 new	 habitats,	 and	 maintenance	 of	










Two	major	 theories	 based	 on	 short‐term	 advantages	 of	 sexual	




Scheu,	 2011).	 The	RQT	 suggests	 that	 the	 genetic	 diversity	 gener‐
ated	by	sexual	reproduction	reduces	the	ability	of	antagonists	(par‐
asites,	predators)	of	species	to	adapt	to	host	genotypes.	It	therefore	
predicts	 sexual	 taxa	 to	 dominate	 in	 habitats	 where	 parasite–host	
and/	 or	 predator–prey	 interactions	 control	 community	 dynamics	
(Hamilton,	1980;	Jaenike,	1978),	which	is	often	the	case	when	pred‐
ators/	 parasites	 reach	 high	 densities	 (Ladle,	 1992).	 The	RQT	 does	
not	make	explicit	predictions	on	the	effects	of	resource	availability,	
but	 it	 has	been	 suggested	 that	 small	 populations	 are	 less	 infested	
by	 parasites	 (Arneberg,	 Skorping,	Grenfell,	&	Read,	 1998)	 thereby	






The	TBT	 (Bell,	 1982;	Ghiselin,	 1974)	 predicts	 sexual	 reproduc‐
tion	to	dominate	in	spatially	heterogeneous	habitats	where	diverse	
niches	 are	more	 likely	 to	 be	 successfully	 colonized	 by	 genetically	
diverse	offspring	produced	via	sexual	reproduction.	The	TBT	does	
not	make	 explicit	 predictions	 on	 the	 role	 of	 biotic	 interactions	 or	







is	 that	 density‐dependent	 population	 regulation	 is	 controlling	 the	
frequency	of	sexual	and	parthenogenetic	reproduction.	Both	SRTS	
and	RQT	predict	 sexual	 reproduction	 to	dominate	when	biotic	 in‐
teractions	are	strong,	but	the	SRTS	is	based	on	bottom‐up	control	




















mites,	 collembolans,	 nematodes,	 earthworms,	 and	 isopods	 (Bell,	
1982;	Song	et	al.,	2011).	Arguably,	the	most	powerful	model	taxon	
in	this	 respect	 is	oribatid	mites,	an	abundant	and	diverse	group	of	








reproductive	 modes	 such	 as	 arrhenotoky,	 cyclical	 parthenogen‐




in	 some	ecosystems	 comprising	parthenogenetic	 species	 (Maraun,	
Fronczek,	 Marian,	 Sandmann,	 &	 Scheu,	 2013;	 Norton	 &	 Palmer,	
K E Y W O R D S
oribatid	mites,	Red	Queen,	sexual	reproduction,	Structured	Resource	Theory	of	Sex,	Tangled	
Bank,	thelytoky
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1991).	 Norton	 and	 Palmer	 (1991)	 highlighted	 that	 parthenoge‐
netic	species	dominate	many	early‐derivative	taxa	and,	rather	than	
each	being	 recent	derivatives	of	 an	ancestral	 sexual	 lineage,	most	
extant	parthenogenetic	species	 form	part	of	clusters	of	partheno‐















ing	why	sexual	 reproduction	predominates	 in	 the	animal	kingdom.	
With	the	overarching	goal	of	testing	the	predictions	of	the	RQT	and	
SRTS,	we	specifically	aimed	at	identifying	(a)	habitats	in	which	par‐





favoring	 sexual/	 parthenogenetic	 reproduction,	 we	 expected	 par‐
thenogenetic	 reproduction	 to	 predominate	 in	 ecosystems	 where	
resources	 are	 in	 ample	 supply	 and	 in	 disturbed	 habitats	 in	 which	
populations	are	likely	to	be	structured	predominantly	by	density‐in‐
dependent	factors.







original	data.	 In	 few	cases,	we	estimated	density	 from	other	stud‐
ies	 investigating	 similar	 habitats.	 We	 further	 included	 data	 from	
unpublished	studies	 (Ricarda	Lehmitz,	unpubl.	data;	Mark	Maraun,	
unpubl.	data).	The	selected	studies	represent	the	range	of	environ‐





The	 reproductive	mode	 of	 individual	 species	was	 either	 taken	
from	 literature	 (Cianciolo	 &	 Norton,	 2006;	 Domes,	 Scheu,	 &	





tors	 correlating	with	 species	 composition	 across	 different	 biomes	
and	habitats,	we	used	detrended	correspondence	analysis	(DCA)	as	
implemented	 in	 CANOCO	 5	 (Microcomputer	 Power,	 Ithaca,	 USA,	
2012).	Altitude,	latitude,	the	percentage	of	parthenogenetic	oribatid	
mite	 individuals,	 the	 percentage	 of	 parthenogenetic	 oribatid	 mite	
species,	 oribatid	mite	 species	 number,	 and	 oribatid	mite	 densities	
were	included	as	passive/supplementary	variables.
Further,	 we	 used	 linear	 regression	 to	 relate	 altitude,	 latitude,	
species	richness,	and	total	density	of	oribatid	mites	to	the	percent‐
















































the	 residuals	 as	 phylogenetically	 corrected	 variables	 (Figure	 S1).	As	
expected,	the	r2‐values	slightly	decreased,	but	the	slope	of	the	regres‐
sion	lines	remained	statistically	significant	(p	<	0.01).
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F I G U R E  2  Detrended	correspondence	analysis	(DCA)	of	oribatid	mite	species	from	37	sites.	Species	number,	altitude,	latitude,	density,	
percentage	of	parthenogenetic	individuals,	and	percentage	of	parthenogenetic	species	were	included	as	“passive/supplementary	variables.”	
For	clarity,	oribatid	mite	species	names	were	eliminated	from	the	figure.	For	details	of	the	habitats	see	Table	S1.	(Eigenvalues	of	axis	1	=	0.95	
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In	contrast	to	density,	the	reproductive	mode	of	oribatid	mites	
did	 not	 significantly	 correlate	with	 species	 richness	 (total	 number	
of	species	present)	(r2	=	0.09,	F1,25	=	2.68,	p	=	0.114	and	r
2	=	0.10,	
F1,25	=	2.98,	p	=	0.096	 for	 the	number	of	 individuals	of	partheno‐
genetic	 species	 and	 the	 number	 of	 parthenogenetic	 species,	 re‐






(r2	=	0.08,	F1,25	=	2.20,	p = 0.15; r
2	=	0.05	and	F1,25	=	1.22,	p = 0.27 
for	 the	 number	 of	 individuals	 of	 parthenogenetic	 species	 and	 the	
number	of	parthenogenetic	species,	respectively).	At	high	latitudes,	
there	were	habitats	with	both	high	(peat	bogs,	freshwater)	and	low	
frequency	 of	 parthenogenetic	 species	 (dead	 wood,	 fungal	 sporo‐
carps,	canopy	of	trees;	Table	S1).
Reproductive	mode	also	did	not	correlate	significantly	with	alti‐
tude	(r2	=	0.004,	F1,25	=	0.12,	p = 0.72; r
2	<	0.001	and	F1,25	=	0.014,	
p	=	0.91	 for	 the	number	of	 individuals	of	parthenogenetic	 species	
and	 the	 number	 of	 parthenogenetic	 species,	 respectively).	 At	 low	
and	 very	 high	 altitude	 (>	 4,000	 m)	 parthenogenetic	 species	 pre‐





In	 the	 following,	 ecosystems	 and	 habitats	 are	 discussed	 and	
grouped	according	to	the	general	pattern	of	reproductive	mode	of	
the	oribatid	mite	communities	 (Figure	2).	Ecosystems	and	habitats	
dominated	 by	 parthenogenetic	 species	 (50%–100%	 of	 all	 species)	
are	discussed	first,	then	the	ones	with	intermediate	numbers	(25%–
50%)	and	with	few	parthenogenetic	species	(<25%).
3.1 | Ecosystems and habitats dominated by 
parthenogenetic species
Both	 the	number	of	parthenogenetic	oribatid	mite	 species	as	well	
as	 the	 number	 of	 individuals	 of	 parthenogenetic	 species	 domi‐
nated	 in	 freshwater	 systems,	 peat	 bogs,	 acidic	 forests	 and	 in	 gla‐
cier	 foreland	 (Table	 S1).	 In	 freshwater	 systems,	 the	 Brachypylina	
genera	Hydrozetes	and	Limnozetes	dominated.	All	known	species	of	
Limnozetes	are	parthenogenetic	while	Hydrozetes	includes	both	par‐
thenogenetic	 and	 sexual	 species.	Other	 common	 species	 in	 these	
habitats	 (e.g.,	 Tyrphonothrus maior,	 Trhypochthoniellus longisetosus,	
Platynothrus peltifer)	 belong	 to	 large	 parthenogenetic	 taxa	 within	
Nothrina	 (formerly	 Desmonomata).	 Parthenogenetic	 species	 also	
dominate	 in	 peat	 bogs	 and	 acidic	 forests	 (temperate	 and	 boreal);	
members	of	Nothrina,	Enarthronota,	 Suctobelbidae,	Oppiella nova, 
and	Tectocepheus	spp.	are	the	main	taxa.	In	young	postglacier	fore‐
land	(about	40	years	after	retreat	of	glacier),	oribatid	mites	are	also	
dominated	 by	 parthenogenetic	 species	 such	 as	 Tectocepheus vela‐
tus,	Oppiella nova	 and	 Suctobelbidae,	 Enarthronota	 and	 Nothrina.	
Total	 oribatid	mite	density	 in	 all	 these	ecosystems	was	high,	 typi‐
cally	>	50,000	ind./m2.
3.2 | Ecosystems and habitats with intermediate 
numbers of parthenogenetic species
Systems	with	 similar	 numbers	of	 parthenogenetic	 and	 sexual	 taxa	
(and	 individuals)	 included	 moss‐grass	 tundra,	 temperate	 base‐
rich	 forests,	 meadows,	 fields,	 tropical	 mountain	 rain	 forests,	 salt	
marshes,	 and	 algal	mats	 (Table	 S1).	 In	moss–grass	 tundra	 (but	 not	
in	 lichen‐dominated	 tundra),	 parthenogenetic	 species	 of	 the	 taxa	
Enarthronota,	Nothrina,	and	Tectocepheus	make	up	about	40%	of	all	
species.	 In	 base‐rich	 temperate	 forests	 (with	 high	macrofauna	 ac‐


































for	 example,	Gemmazetes,	Hypogeoppia	 are	 all	 sexual.	 Similarly,	 in	
mesovoid	shallow	substratum	sexual	 species	 (95%)	and	 individuals	
(99%)	dominate.	Species	occurring	 frequently	 in	mesovoid	shallow	
substratum	were	Ceratoppia bipilis,	Oribatella longispina,	Chamobates 
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birulai,	 and	Pilogalumna tenuiclava	 (Nae	 &	 Bancila,	 2017).	 Oribatid	
mite	densities	in	all	of	the	above‐mentioned	habitats	are	low.
4  | DISCUSSION


















and	 species‐poor	 communities	 (e.g.,	 salt	 marsh	 habitats;	 Winter,	
Haynert,	Scheu,	&	Maraun,	2018)	may	be	dominated	by	sexual	spe‐
cies.	 Similarly,	 both	 species‐poor	 (e.g.,	 high	 Andeans	 region)	 and	
species‐rich	communities	(e.g.,	acidic	forests)	may	be	dominated	by	
parthenogenetic	 species.	 The	 fact	 that	 species‐rich	 communities,	
where	biotic	 interactions	are	 likely	 to	be	more	 frequent	and	more	
pronounced	than	 in	species‐poor	communities,	at	 least	 in	part	are	
dominated	by	parthenogenetic	species	argues	against	the	RQT.
Altitude	 did	 not	 correlate	 with	 reproductive	 mode	 in	 oribatid	
mites.	This	was	due	to	the	fact	that	low‐altitude	forests	in	the	trop‐
ics	 harbor	 few	parthenogenetic	 species	whereas	 acidic	 temperate	
forests	 harbor	 many	 (Table	 S1).	 Furthermore,	 the	 percentage	 of	
sexual	species	 (as	well	as	 individuals)	decreases	with	 increasing	al‐
titude	up	to	about	3,000	m	in	tropical	as	well	as	temperate	regions	
(Fischer,	Meyer,	&	Maraun,	 2014;	Maraun	et	 al.,	 2013),	 but	 in	 the	
Andes	at	4,000–5000	m	 it	 is	 lower	 than	at	3,000	m	 (Covarrubias,	
2009;	Hense,	2016;	Maraun	et	al.,	2013).	The	dominance	of	parthe‐
nogenetic	 species	 at	 very	high	 altitudes	 in	 the	Andean	mountains	




Seniczak,	 Seniczak,	 Maraun,	 Graczyk,	 &	 Mistrzak,	 2016).	 The	 re‐
duced	 frequency	 of	 sexual	 species	 at	 very	 high	 altitude	 conforms	
to	predictions	of	both	the	RQT	as	well	as	the	SRTS	since	they	sug‐
gest	 that	 harsh	 environmental	 conditions	 foster	 parthenogenesis	
by	reducing	parasite–host	interactions	and	by	reducing	density‐de‐
pendent	population	 regulation,	 respectively.	From	 the	perspective	
of	the	RQT,	the	 increase	 in	the	dominance	of	sexual	species	up	to	










genetic	 individuals	or	 species.	This	was	due	 to	 the	 fact	 that	 there	
are	 sites	 at	 low	 latitude	 with	 few	 (high	 Andes)	 and	 many	 sexual	
species	 (lowland	 tropical	 sites),	and	also	sites	at	high	 latitude	with	
few	(peatland)	or	many	(dead	wood,	forest	canopy)	sexual	species.	
Presumably,	this	is	due	to	the	fact	that	abiotic	conditions	at	low	lat‐





















However,	 in	 some	 of	 the	 systems	 (e.g.,	 tundra,	 algal	mats)	 abiotic	
conditions	are	harsh	and	therefore	populations	are	likely	structured	
by	density‐independent	 factors	 (e.g.,	 freezing)	which	 supports	 the	
view	that	parthenogenetic	 individuals/species	 flourish	 if	 resources	
are	 not	 fully	 exploited	 due	 to	 high	 death	 rates	 (Scheu	 &	Drossel,	
2007).
Oribatid	mite	 communities	 are	dominated	by	 sexual	 species	 in	
deadwood,	 fungi,	 deep	 soil,	 canopy,	 islands,	 tropical	 forests,	 tem‐
perate	mountain	forests,	caves,	mesovoid	shallow	substratum,	and	
in	 deep	 soil.	 In	 a	 number	 of	 these	 habitats,	 oribatid	mite	 species	

















(Ducarme,	Wauthy,	André,	&	 Lebrun,	 2004;	 Ivan	&	Vasiliu,	 2010);	




nogenetic	 species,	 for	 example,	Platynothrus peltifer,	 usually	 occur	
close	to	the	entrance	of	the	caves.	Ducarme	et	al.	(2004)	found	33	
species	 of	 oribatid	 mites	 in	 caves	 in	 Belgium,	 with	 mostly	 sexual	
Oppiidae	dominating.	Murvanidze	(2014)	collected	67	oribatid	mite	
species	in	Georgian	caves	of	which	only	four	were	parthenogenetic.	









In	 sum,	 (a)	 parthenogenetic	 oribatid	 mites	 dominate	 in	 habitats	
where	densities	are	high,	that	is,	where	resources	are	plentiful	and/
or	 are	easy	 to	 access,	 such	as	peat	bogs	 and	acidic	 forests.	These	
habitats	are	characterized	by	the	accumulation	of	organic	matter	and	
may	 resemble	conditions	 in	 the	Carboniferous	when	 resources	 for	
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